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secretory pathway and binds to extracellular 
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Objective: To analyze the mechanisms of release and the extracellular fate of the 
HIV-1 Tat protein and to determine the Tat domain binding to the extracellular 
matrix. 

Design and methods: Release of Tat was studied by pulse-chase experiments with 
Tat-transfected COS-1 cells in the presence or absence of different serum 
concentrations, temperatures and drugs inhibiting the classical secretion pathway or 
endo-exocytosis, such as brefeldin A and methyl amine. The binding of extracellular 
Tat to heparan sulfate proteoglycans (HSPG) was determined by using trypsin, 
heparin or heparinase in pulse-chase experiments, by gel shift and competition 
assays with radiolabeled heparin, and by heparin -affinity chromatography. The 
mapping of the Tat binding site to heparin was defined by functional assays of 
rescue of Tat-defective HIV-1 proviruses. 

Results: Tat is released in the absence of cell death or permeability changes. Tat 
release is dependent upon the temperature and serum concentration, and it is not 
blocked by brefeldin A or methylamine. After release, a portion of the protein 
remains in a soluble form whereas the other binds to extracellular matrix (ECM)- 
associated HSPG. The HSPC-bound Tat can be retrieved into a soluble form by 
heparin, heparinase or trypsin. Binding to heparin is competed out by heparin- 
binding factors such as basic fibroblast growth factor (bFCF), and it is mediated by 
the Tat basic region which forms a specific complex with heparin which blocks 
HIV-1 rescue by exogenous Tat and allows purification of a highly biologically 
active protein. 

Conclusions: These results demonstrate that Tat exits from intact cells through a 
leaderless secretion pathway which shares several features with that of acid FCF or 
bFGF. The released Tat binds to HSPG through Us basic region and this determines 
its storage into the ECM, as occurs for bFGF. 
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Introduction 

The Tat protein of H1V-1 is an carry transactivator of 
viral gene expression and replication [1-4]. Tat is a small 
polypeptide of 86-1 02 amino acids, depending on the 
viral strain, that is encoded by two exons. The first exon 
encodes a 72-amino acid peptide that is conserved in all 
viral isolates, possesses a full transactivation function 
[5,6] and contains an argininc-lysinc-rich basic region 
(amino acids 49-57) which is required for nuclear local- 
ization and nucleic acid binding of Tat. The C-tcrrninal 
amino acids (73-86), encoded by the second Tat exon, 
arc not required for transactivation. However, this 
region contains the argininc-glycinc-aspartic acid 
(RGD) motif that is also present in extracellular matrix 
(ECM) proteins such as fibroncctin and vitronectin and 
mediates cell adhesion and binding of extracellular Tat 
to intcgrin receptors expressed by activated endothelial 
cells, CD4 T cells and other cell types [7-11]. 

In addition to the transactivation of HIV-1 gene 
expression, Tat can modulate the expression of many 
cellular genes including those for cytokines, adhesion 
molecules, major histocompatibility complex class 1 
proteins and oncogenes, as well as cellular functions 
such as cell survival, growth and angiogencsis [5,6]. In 
addition, in transgenic mice, Tat can induce the devel- 
opment of tumors [12,13]. 

Recent data indicate that Tat can act as both an intra- 
cellular and an extracellular protein and can induce 
effects through different but co-operating pathways 
that, at least in part, depend upon protein concentra- 
tion and target cell type. For example, extracellular or 
exogenous Tat can be taken up by cells and activate 
HIV-1 gene expression in infected cells [14-19]. 
Extracellular Tat also promotes the growth, migration, 
invasion and adhesion of Kaposi's sarcoma (KS)-dcrivcd 
endothelial spindle cells, cytokinc-activatcd normal 
endothelial cells and endothelial tumor cell lines 
[9,18,20-24]. By these activities and by promoting 
angiogencsis, Tat can increase the frequency and the 
aggression of KS in infected individuals [10,25]. 

The HIV-1 transactivation effect of extracellular Tat is 
observed at nanomolar concentrations of the protein. 
In contrast, the effects on KS and vascular cells arc 
observed at picomolar concentrations of Tat, and arc 
mediated by both the basic and the RGD region of the 
protein. In particular, the RGD motif of Tat binds the 
intcgrins a 5 pj and 01JJ3, the receptors of fibroncctin 
and vitronectin, respectively [9—11] (G. Barillari, per- 
sonal communication, 1996), suggesting that extracel- 
lular Tat can mimic the effect of ECM proteins in 
regulating cell survival, growth and angiogencsis. 

Other data have shown that extracellular Tat can 
induce apoptosis of T cells from uninfected donors and 



that this is associated with enhanced activation of 
cyclin-dcpcndcnt kinases [26]. Tat can also amplify the 
cytotoxic effect of tumor necrosis factor by altering the 
cellular redox state [27] and can increase T-ccll 
receptor and CD 4 (gpl20)-induccd apoptosis by up- 
regulating CD95 ligand expression [28]. This may lead, 
at least partially, to the T-ccll depletion present in 
AIDS. However, Tat can also protect ccUs from apop- 
tosis under scrum-free conditions [29—31], and can 
modulate CD4 T-ccll survival and growth induced by 
anti-CD3 costimulation [11]. Also these effects of Tat 
arc mediated by both the basic and the RGD region, 
and they may depend on the cell system, the form of 
Tat (expressed intraccliularly or added to the cells) and 
protein concentration. Thus, extracellular Tat may play 
a role in the pathogenesis of AIDS and associated 
malignancies. Therefore, the study of its release and 
extracellular fate is a focal point in undentanding the 
biological relevance of Tat effects and evaluating 
potential therapeutic strategics. 

Our previous data indicated that HIV-1 acutely 
infected T cells or taMransfcctcd COS-1 cells release 
substantial quantities of biologically active Tat prior to 
or in the absence of cell death, respectively, and at the 
moment of the highest gene expression [18,23]. In 
addition, mutations in the basic region of Tat increase 
its cytoplasmic concentration and release [18]. This 
extracellular Tat can be taken up by neighboring cells, 
localize in the nuclei, transactivatc HIV-1 gene 
expression, or activate the replication of Tat-dcfectivc 
HIV-1 proviruscs, or can induce cell growth [18]. Tat 
has also been detected in sera of HI V-l -infected indi- 
viduals and at levels that arc equivalent to those found 
in supcrnatants of HlV-1-infcctcd cells [28]. In 
addition, extracellular Tat has been detected in A1DS- 
KS lesions where it co-stains with endothelial spindle 
cells expressing the p t or p 3 intcgrins [10]. These data 
indicate that effective Tat concentrations can be 
reached in vivo and that Tat can bind and/ or can be 
taken up by neighboring cells. In fact, uptake of Tat is 
observed with most cell types. In addition, Tat can also 
be a carrier for other molecules and can mediate a high 
efficiency uptake into cells [32-34]. 

Most of the prc-sccrctory proteins contain N-tcrminal 
leader or signal sequences of 13—30 hydrophobic amino 
acids that mediate translocation of the proteins across 
the endoplasmic reticulum (£R) to the Golgi apparatus 
that they leave in secretory vesicles. These fuse with 
the plasma membrane and arc released cxtraccllularly. 
However, there arc many exceptions to this. Some 
proteins with defined extracellular functions but devoid 
of a signal sequence arc released by an alternative secre- 
tory pathway independent of the ER-Golgi complex. 
These include intcrlcukin (IL)-lp [35], lcctin-14 [36], 
acid fibroblast growth factor (aFGF) [37,38], basic FGF 
(bFGF) [39-41] and thiorcdoxin [42]. Similarly, 
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although Tat protein has no signal sequence, it is 
released as a biologically active protein and exerts 
extracellular functions. 

Here we demonstrate that release of Tat occurs in the 
absence of cell death and is through a lcadcrlcss secre- 
tion pathway which shares several features with that 
utilized by 1L-Ip, aFGF, or bFGF. In addition, as for 
bFGF, released Tat binds heparan sulfate proteoglycans 
(HSPG) via its basic region that has heparin-binding 
properties. This determines the storage of Tat into the 
ECM. This Tat can be retrieved in a biologically active 
form by heparin. 



Materials and methods 

Plasmid DNA and transection of COS-1 cells 

The plasmid pCVTAT containing the full-length tat 
gene and the control vector pCVO have been described 
previously [18]. The COS-1 cells were cultured in 
RPM1-1640 (Gibco BRL, Gaithcrsburg, Maryland, 
USA) containing 10% fetal calf scrum (FCS) (10% 
FCS-RPMI) until 90% confluence. Cells were then 
gently trypsinized, washed with phosphate-buffered 
saline (PBS) without Ca 2+ or Mg 2+ and resuspended in 
1.6 ml of clcctroporation buffer [272 mM sucrose, 
7 mM potassium phosphate (pH 7.4), 1 mM magne- 
sium chloride]. The cell suspension (800 jil) was gendy 
mixed with the plasmid DMA (30 ug) and incubated on 
ice for 8-10 min. After clcctroshock (25 nF, 0.28 kV), 
cells were incubated again on ice for a further 8—10 
min and gently transferred to a 75 m" flask. By this 
method, cell viability is > 99% and no cellular hypcr- 
pcrmcability is detected [18 and sec below]. 

Determination of cell viability 

Cell viability was evaluated by trypan blue dye exclu- 
sion. Cell membrane permeability changes by the 
determination of lactic dehydrogenase (LDH) activity 
in culture supematants of transfected cells (48 h after 
transfection, during labeling or at the end of the period 
of chase). Growth media and supematants from 1, 5 
and 10% of lyscd ceils were used as the negative and 
positive controls (for the standard LDH curve), respec- 
tively. Determination of LDH levels represents the 
most sensitive method to detect cell damage and non- 
specific exit of cellular proteins [18,35]. 

Metabolic labeling 

At the moment of the highest gene expression (36-48 
h post-transfection), transfected ceils were incubated 
with methionine- and cystcinc-frcc RPM1-1640 
containing 1 mM glutaminc and 5 or 10% dialyzcd 
FCS for 1 h and were labeled with 200 uCi/ml of 
[ 3;> S]mcthioninc and [^cysteine in the same medium 
for 5 h at 37°C. Supematants were then harvested. For 



pulse-chase experiments, cells were incubated with 
methionine- and cystcinc-frcc medium containing 1 
mM glutaminc and 5 or 10% dialyzcd FCS for 1 h and 
then pulsed for 30-90 rnin at 37°C with 400 uCi/ml of 
[ 35 S]mcthioninc and 800 uCi/ml of [ 35 S] cysteine. After 
removal of the labeling medium, cells were washed 
three times with RPMI containing 5 or 10% of FCS 
and chased for different periods of time at 18, 37, or 
42° C for temperature dependency experiments, or 
chased in the presence or absence of 0.5 ug/ml 
brcfcldin A or lOmM mcmylarninc. Cells were prc- 
incubated with mcthylaminc for 1 h before the pulse. 
To detect bound Tat, labeled cells were washed once 
or twice with PBS and treated with 0.5 ml trypsin 
(0.05%) for 2 min, with 1 ml heparin (5 fig/ml), 
or 1 ml heparinase (0.5 U/ml) for 20 min at room tem- 
perature as described previously [40], Supematants 
were then harvested after addition of 4 or 4.5 ml of 
W% FCS-RPM1. Supematants from both treated and 
untreated cells were then centrifuged at low speed 
(200 g) for 10 min to remove possibly detached cells 
without breaking or damaging them, transferred to a 
new tube and centrifuged at low speed (400 g) for 
another 30 min at 4°C to clear the supematants. 
Labeled cells were washed in cold PBS and lyscd in 
extraction buffer con taming 0.1 M Tris (pH 8.0) 0.1 M 
NaCl, 0.5% nonidct-P-40 (NP-40), 0.5% dcoxycholic 
acid and 1% aprotinin. Cell debris was removed by 
ccntrifugation at 10000 g for 30 min at 4°C. 
Supematants and cell lysatcs were subjected to radio- 
imraunoprccipitation analysis (RIPA). 

RIPA and sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE) 

Aliquots from cell lysatcs and supematants, adjusted by 
intracellular trichloroacetic acid (TCA) prccipitablc 
radioactivity, were prcclcarcd by preincubation for 4 h 
at 4°C with normal rabbit scrum, followed by RIPA 
with the polyclonal affinity-purified anti-Tat antibody 
previously described [18]. The immunoprccipitatcs 
were washed four times in 'NETA* buffer (0.15 M 
NaCl, 0.05% NP-40, 50 mM Tris-HCl, pH 7.4, 
50 mM ethylene diaminctc tri-acctic acid, 1% apro- 
tinin), twice in NET A buffer with high salt (0.5 M 
NaCI), denatured in Lacmmli buffer and separated by a 
16% SDS-PAGE, that was treated with Enlightening 
(DuPont NEN, Boston, Massachusetts, USA), dried 
and exposed to Kodak X-Omat or Bio-Max film 
(Kodak, Rochester, New York, USA) at-70°C. 

HIV-1 rescue assays 

The HLM-1 cell line containing an integrated non- 
reversible Tat-dcfectivc provirus was used for rescue 
assays [18,43]. In this provirus (HXB2), the initiation 
codon of tat has been mutated to a termination codon. 
HLM-1 cells were seeded in 12- well culture plates at 
2 X 10 5 cells/well, cultured for 24 h and Tat protein 
(2 Jig/ml) and/ or heparin and/ or Tat peptides (amino 



1424 AIDS 1997, Vol 7 1 No 12 



acids 1 1-24, 46-60, or 65-80) were added to the cells. 
The supematants were collected 72 h later for p24 anti- 
gen capture assays as described previously [18]. The 
biological activity of recombinant Tat protein collected 
from hcparin-afEnity chromatography was also tested 
by this assay. 

Gel shift assay 

Various amounts of biologically active Tat (10, 100, or 
1000 ng) were mixed with 0.01 nCi of [N-sulfonatc- 
3n S]hcparin sodium (0.44 mCi/g, Amcrsham, Arlington 
Heights, Illinois, USA) in RPMI at 28°C for 5 min and 
then treated with or without 2.5 ul heparinase 
(0.1 U/ul) at 28°C for 10 min. Competition experi- 
ments were performed by mixing bFGF (100 ng) or 
bovine scrum albumin (BSA) (1 or 10 ug) with 0.01 
uCi [N-sulfonatc- 33 S]hcparin sodium in RPMI in the 
presence or absence of Tat (75 ng) and then treating 
with 2.5 ul heparinase (0.1 U/ul). Glycerol (2%) was 
added and then the mixture was loaded into 8% non- 
denaturing polyacrylamidc gel and signal recorded on 
an autoradiogram. 

Tat protein and anti-Tat antibody 

The Tat protein used in the rescue and gel shift experi- 
ments was expressed in Escherichia coli and isolated by 
successive rounds of high-pressure liquid chromatogra- 
phy and ion-exchange chromatography as described 
previously [18,44]. The purified Tat protein is > 95% 
pure as tested by SDS-PAGE and has full biological 
activity as tested by rescue assays. The Tat protein was 
stored lyophilizcd at -70° C and resuspended in 
degassed buffer [PBS containing 0.1% BSA and 
0.1 mM dithiothrcitol (DTT)] before use. The plastic- 
ware was previously rinsed in PBS-BSA buffer or 10% 
FCS-RPMI for each procedure involving the use of 
Tat. 

Rabbit polyclonal anti-Tat antibodies were raised 
against recombinant purified Tat protein and affinity 
purified as described previously [18,23]. 

Purification of recombinant Tat protein by 
heparin affinity chromatography 

Escherichia coli (RB179 syn-taf) cells (10 g wet weight) 
expressing Tat were sonicated in 40 ml of lysis buffer 
[20 mM sodium phosphate, pH 7.8, 2.5% glycerol, 0.2 
mM phcnylmcthylsulfonyl fluoride (PMSF), 5 mM 
DTT, 50 mM mannitol, 10 mM ascorbic acid and 
500 mM NaCl] using an Ultrasonic Liquid Processor 
(Model XL2020, Heat Systems Inc., Cambridge, 
Massachusetts, USA) with three 20-scc bursts. The 
lysatc was then clarified by ccntrifugation at 12000 g 
for 30 min and the supernatant was incubated for 1 h at 
room temperature with 2 ml of heparin— Scpharosc prc- 
washed with lysis buffer. The heparin— Scpharosc was 
then packed into a glass column and washed with lysis 
buffer until no protein was detected in the wash. The 



bound material was clutcd with lysis buffer containing 
2 M NaCl and the cluatc was collected in 1 ml frac- 
tions. The homogeneity of the clutcd protein was ana- 
lyzed by SDS-PAGE and the biological activity was 
tested by the rescue assay. 



Results 

Release of Tat 

To analyze the mechanism of Tat release, COS-1 cells 
were transfected with the lai expressing plasmid 
pCVTAT or the control vector pCVO by an clcctropo- 
ration method described previously [18,23], which has 
been optimized to obtain a high efficiency of transfee- 
tion in the absence of cell death or permeability 
changes [18J. Tat was detected both in cell extracts and 
in supematants at the moment of the highest gene 
expression (36-48 h post-transfection) and in the 
absence of cell death as measured by trypan blue 
exclusion (Fig. la). To exclude the possibility that an 
increase of cell membrane permeability was responsible 
for the release of Tat, the levels of LDH activity were 
measured in the supematants from transfected cells. 
This represents a very sensitive method to detect very 
carry cell permeability changes and non-specific exit of 
intracellular proteins [18,35], No increase of LDH was 
observed in transfected cells and its level was similar to 
that of growth medium (Fig. la). Similarly, no changes 
in the morphology of the ^/-expressing cells were 
observed by staining with anti-Tat antibodies (data not 
shown) [18]. Finally, release of Tat was much lower or 
undetectable when cell death was present (data not 
shown). This occurs also for the release of bFGF 
[40,41] and indicates that cell viability and function arc 
required for the release of Tat. 

To gain insights into the possible mechanisms of Tat 
release, both the inhibitor of the classical secretion 
pathway brcfcldin A, known to prevent the egress of 
secretory molecules from the ER [45], and the 
inhibitor of the endocytotic and exocytotic pathway 
mcthylaminc [46], were employed. To avoid potential 
effects on protein synthesis, /^/-transfected cells were 
pulsed for 40 min with [ 3o S]mcthioninc and [ 35 S]cys- 
tcinc and then chased for 3 h in the presence or 
absence of the drugs. Treatment with brcfcldin A did 
not decrease the level of Tat present in the cell supcr- 
natants, whereas it reduced the protein species over 
46 kDa that arc not related to Tat (data not shown). 
This confirmed that release of Tat follows a pathway 
alternative to the classical secretory pathway. However, 
mcmylaminc, a drug known to inhibit the release of 
lL-lp, thiorcdoxin and bFGF, also did not inhibit Tat 
release (data not shown). This is similar to recent results 
determining that the release of aFGF in response to 
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Fig. 1. (a) Tat is released from taMransfected COS-1 cells in the absence of cell death. COS-1 cells were transfected with 
pCVTAT or the control vector pCVO. Cell extracts (Ex) or supernatants (Sup) were precipitated with polyclonal antMat anti- 
bodies. Arrow indicates the Tat protein band. Left panel shows the autoradiogram. Right panel shows the level of lactic dehy- 
drogenase (LDH) activity (U/l) measured in supernatants from transfected COS-1 cells or corresponding to 1, 5 or 10% dead 
cells (positive control), (b) Tat release is dependent upon serum concentrations. The transfected COS-1 cells were labeled for 
5 h in the presence (20%) or absence (0%) of FCS (left panel) or in the presence of serial concentrations of FCS (5, 10 and 
20%, right panel), (c) Tat was immunoprecipitated from cell extracts (Ex) or supernatants (Sup) of pCVTAT- or pCVO-transfect- 
ed COS-1 cells that were labeled at 37°C for 90 min and then chased at 18, 37, or 42°C for 1 1 h. Cell death was <1% for all 
transfected cells, (d) Pulse-chase experiments with COS-1 cells transfected with pCVTAT plasmid. Tat was immunoprecipitat- 
ed from ceil extracts or supernatants of pCVTAT-transfected COS-1 cells pulsed for 90 min at 37°C and chased at 18, 37, or 
42 °C for 30 min, 90 min, 5 h, or 1 1 h. At each timepoint, supernatants were removed and replaced with fresh medium for 
another 1 , 3.5, or 6 h incubation. Cell death was absent. 



heat shock is not inhibited by mcthylaminc [38]. With 
both drugs the LDH levels in the cell supernatants 
(measured at the end of the chase) were unchanged, 
confirming that cell death or cell damage did not 
account for Tat release. These results indicated that 
release of Tat is through a leadcrlcss pathway, however, 
there arc differences with release of IL-1 p and bFGF 
which can be inhibited by mcthylaminc. 

Scrum-free conditions and low temperature (18°Q arc 
known to block endo- and exocytosis and to inhibit 
secretion of IL-lp [35] and bFGF [39,40]. To study the 
scrum effect, tat- transfected cells were pulsed in RPM1 



containing 5% dialyzcd FCS for 40 min and then 
chased in medium containing 0, 5, 10 or 20% FCS for 
3 h (Fig. lb). The release of Tat was inversely related 
to the scrum content (0 or 5%), although cell viability 
or permeability (LDH levels) remained unchanged. 
This is the opposite of the effect of scrum on the 
release of IL-lp or bFGF, and suggests that the reduc- 
tion of a scrum component increases the release of Tat 
or the level of its soluble (detectable) extracellular form 
(sec below). 

A number of drugs that share the common feature of 
inducing synthesis of heat-shock proteins have been 
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demonstrated to increase the secretion of IL- 1(3, aFGF, 
or bFGF. In addition, the release of these molecules is 
increased in cells exposed at 42° C and decreased at 
18°C [35,37-39]. The effect of temperature on Tat 
release was investigated by pulse-labeling the tat-tnns- 
fected cells at 37°C for 90 min and then by chasing 
them at 18, 37 and 42° C for 1 1 h (cumulative release 
of Tat) (Fig. lc), or for 30 min f 90 min, 5 h and 11 h 
to analyze the kinetics of Tat release (Fig. Id). As 
shown in Fig. lc, higher temperatures increased Tat 
release and more Tat was released at 42°C as compared 
with 37°C. In contrast, low temperatures (18°C) 
reduced release of Tat. At the same time the intracellu- 
lar content of Tat decreased or increased with high or 
low temperature, respectively. The kinetics experi- 
ments (Fig. Id) indicated that Tat protein is already 
detectable in the supcrnatants of transfected cells after 
30 min of chasing. At this time the level of release is 
not modified by different temperatures. However, at 
longer periods of time (> 90 min), the heat induced 
Tat release that continued to increase even after 11 h, 
although cell viability or LDH levels in the supcr- 
natants were unchanged. Thus, as for IL-lp, aFGF, or 
bFGF, heat shock induces the release of Tat whereas 
low temperatures reduce it. 

Soluble and HSPG-bound extracellular Tat 

To investigate further the release and the fate of extra- 
cellular Tat protein, experiments were performed to 
determine whether, after release, Tat could associate 
with the cell membrane and the ECM. For this pur- 



pose, the tat-tnnsfected COS-1 cells were labeled for 
5 h, supcrnatants were harvested and cells washed and 
treated with trypsin for 2 min at room temperature as 
described previously [40]. The trypsin-trcatcd supcr- 
natants were then harvested, centrifuged at low and 
high speed and measured for LDH activity. 
Supcrnatants (before and after trypsin digestion) were 
then immunoprccipitatcd with anti-Tat antibodies. Tat 
was detected at similar levels in supcrnatants before and 
after trypsin treatment (Fig. 2a). This indicated that a 
fraction of released Tat binds the ECM and that this 
bound Tat can be retrieved by trypsin, as found for 
bFGF [40]. This bound Tat represented approximately 
one-half of the total extracellular Tat In addition, as 
shown in Fig. 2a, after trypsin treatment two Tat bands 
were observed, the smaller extra band (about 9 kDa) 
representing a cleavage product at Lys-Arg residues 
(amino acid 51-52) [47]. 

It has been demonstrated that HSPG can be released 
from the cell surface by mild dypsinization of the cells 
[48]. HSPG arc a common constituent of ECM, arc 
widely distributed in tissues as basement membrane 
components and are also found as components of cell 
membrane as pcrimcmbranc or intercalated membrane 
of many cell types [49], It has also been demonstrated 
that secreted HSPG or heparin bind extracellular bFGF 
and protect it from proteolytic degradation [48,50]. 
Finally, heparin can bind Tat and can increase or block 
Tat effects [8,21,47] (G. Barillari, personal communica- 
tion, 1996). As heparin or heparinase can retrieve 
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Fig. 2. Released Tat is found in a soluble and in a heparin sulfate proteoglycan (HSPC)-bound fraction, (a) The bound fraction 
can be retrieved by trypsin (Try). After labelling the supernatants were harvested (lanes 1 and 3) and cells washed with phos- 
phate-buffered saline (PBS) and treated with 0.5 ml trypsin (0.05%) at 37°C for 2 min. Fresh medium (4.5 ml) was added and 
the supernatants were harvested again (lanes 2 and 4). (b) The bound fraction can be retrieved by heparin (H) or heparinase 
(Hase). After labelling, the supernatants were harvested (lanes 3 and 6) and cells washed with PBS and treated with 1 ml 
heparin (5 ug/ml) or 1 ml heparinase (0.5 Unit/ml) at room temperature for 20 min. Fresh medium (4 ml) was added and 
supernatants were harvested (lanes 1, 4 and 7). Cell death was < 1% in all experiments. 
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Table 1. Heparin blocks the viral effect of extracellular Tat protein 
in a dose-dependent fashion. 



Tat 


Heparin 




inn tuition 


(2 jig/ml) 


(ug/ml) 


(pg/ml) 


(%) 


Preincubation with heparin 






+ 




572 ±19 


o 


+ 


0.05 


550 ± 66 


4 


+ 


0.1 


588 ± 16 


o 




0.5 


102 ± 1 


82 


+ 


1 


10±6 


98 




2.5 


4±1 


99 




5 


17±19 


97 




5 


0 




No preincubation 








+ 




630 


0 


+ 


0.1 


616 


2 




0.5 


269 


57 


+ 


1 


12 


98 


+ 


2.5 


5 


99 


+ 


5 


8 


99 




5 


0 





Results are the average of duplicate wells from two experiments ± 
SD. The % inhibition of viral rescue (p24 antigen production) are 
shown. 



HSPG-bound bFGF into a soluble form [40], similar 
experiments were performed with taMransfcctcd cells. 

7d£-transfcctcd cells were treated with heparin or 
heparinase at room temperature for 20 min. Bound Tat 
was released both by heparin and by heparinase 
(Fig. 2b). In addition, the amount of bound Tat 
retrieved into a soluble form by heparin or heparinase 
was higher than the soluble fraction suggesting that 
larger amounts of extracellular Tat arc bound to HSPG. 
Although more Tat is retrieved by heparin or hepari- 
nase than by trypsin (Fig. 2a, b) this may be due to the 
longer time of chasing with heparin or heparinase 
(20 min versus 2 min with trypsin). These results indi- 
cated that extracellular Tat is present in a soluble frac- 
tion and in a fraction bound to the HSPG of the cell 
surface and ECM. 

Heparin blocks Tat functioning by binding to 
the Tat basic region 

The previous results indicated that Tat protein binds to 
HSPG and that exogenous heparin increases soluble 
Tat by retrieving it from these sites via a competitive 
cfFcct. To analyze further the binding of heparin and 
Tat and the cfFcct of this interaction on the viral effect 
of extracellular Tat, HIV-1 rescue assays were per- 
formed in the presence or absence of heparin. For this 
purpose the HLM-1 cell line was utilized that contains 
a Tat-dcfcctivc HIV-1 provirus whose replication is 
induced by exogenous Tat [18]. Exogenous Tat 
(2 ug/ml) was mixed with various concentrations of 
heparin in medium at 4°C for 2 h and then added to 
HLM-1 cells. Viral rescue was then determined by 
measuring p24 content in the ccD supcrnatants col- 
lected after 72 h by an antigen capture assay. The viral 
rescue induced by exogenous Tat was inhibited by 



Table 2. Competition of the viral blocking effect of heparin by Tat 
peptides. 



Tat 


Heparin 




pi* 


inniDiuori of 


(2 ug/ml) (jig/ml) 


[malar pvfpccl* 




virai rescue (vol 


+ 




_ 


405 ±63 


0 


+ 




- 


0 


100 


+ 


+ 


46-60 (320x) 


425 ±62 


1 


+ 


+ 


46-60 (160X) 


350 ± 89 


14 


+ 


+ 


46-60 (80x) 


249 ± 87 


39 


+ 




46-60 (40x) 


33 ±33 


92 


+ 


+ 


65-80 (320X) 


0 


100 


+ 


+ 


65-80 (160^ 


0 


100 


+ 


+ 


65-80 (80x) 


10±16 


97.5 




+ 


65-80 (40x) 


21-26 


94.8 




+ 


1 1-24 (320x) 


0 


100 


+ 


+ 


11-24(l60x) 


0 


100 




+ 


11-24 (80x) 


0 


100 




+ 


11_24(40x) 


0 


100 








0 










0 





*Molar excess of the Tat peptides is presented as -fold excess of Tat 
molecules. Results are the average of duplicate wells from two 
experiments. 



heparin at concentrations as low as 0.5 ug/ml and in a 
dosc-dcpcndcnt manner (Table 1). Cell proliferation or 
morphology was unchanged in the presence of heparin 
at concentrations as high as 5 ug/ml (data not shown). 
This indicated that the inhibition of viral replication is 
due to the binding of exogenous Tat to heparin, and 
not to the interference of heparin with cell growth. 
Heparin also inhibited the rescue effect of exogenous 
Tat when both heparin and Tat were added together to 
the cells without preincubation (Table 1). This sug- 
gested that the binding affinity of heparin and Tat is 
high and that heparin can block the entry of Tat pro- 
tein into cells and/or nuclei and thus block its effect on 
provirus activation. 

For bFGF, as well as other heparin-binding growth fac- 
tors, and ECM proteins, binding to heparin is mediated 
by the basic region of these molecules [51-54]. Tat 
contains a similar region that mediates nuclear localiza- 
tion and nucleic acid binding [5]. To identify whether 
the binding of Tat to HSPG occurs through the basic 
region, competition experiments were performed with 
various concentrations of the Tat basic peptide amino 
acids 46-60, the Tat peptide amino acids 11-24 or the 
RGD Tat peptide amino acids 65-80. These peptides 
were prcincubatcd with heparin (1 Ug/ml) at 4°C for 
2 h and then added to HLM-1 cells in the presence of 
Tat (Tabic 2). Heparin or Tat peptides alone or com- 
bined did not change cell proliferation, morphology, or 
p24 production in the absence of exogenous Tat (data 
not shown), but the Tat basic peptide competed out 
the blocking effect of heparin in a dosc-dcpcndcnt 
fashion. In contrast, the Tat peptides 11-24 or 65-80 
had no effect on the block of Tat-viral rescue by 
heparin (Table 2). This indicated that the basic region 
is the Tat domain binding to heparin. 
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Gel shift analysis of Tat-heparin interaction and 
competition by bFGF 

To analyze further the binding of Tat to heparin, in vitro 
binding assays were performed by gel shift analysis. 
Various amounts of biologically active Tat protein were 
mixed with [N-sulfonatc- 33 S]hcparin sodium at 28°C 
for 5 min. The mixture was then treated with hepari- 
nasc for 10 min and loaded into 8% non-denaturing 
polyacrylamidc gel. As shown in Fig. 3a, Tat protein 
formed a complex with labeled heparin in a dosc- 
dependent fashion, whereas no shift was observed when 
Tat was prctrcatcd with unlabeled heparin (data not 
shown). In addition, as shown in Fig. 3b (lanes 1, 2 and 
4) the binding of Tat and heparin was not competed 
out by an excess of BSA (1 or 10 ug) suggesting that the 
binding of Tat and heparin is specific. In contrast, 
Tat— heparin binding was competed by bFGF 
(Fig. 3b, lanes 2 and 3), that formed a unique complex 
with labeled heparin (Fig. 3b, lane 5). This indicated 
that Tat binds heparin specifically and suggested that Tat 
or bFGF binding to heparin occurs at a common site. 



Purification of a highly biologically active 
recombinant Tat protein by heparin-affinity 
chromatography 

Tat is very sensitive to oxidation and aggregation that 
leads to a rapid loss of biological activity 
[10,14,18,44,55]. Heparin is known to protect the 
function of growth factors such as bFGF and it is com- 
monly used to purify these factors. To investigate 
whether the binding of Tat to heparin can protect the 
protein from loss of biological activity, Tat protein was 
expressed in E.coli and cell lysatcs were homogenized, 
centrifuged and the resulting supcrnatants were incu- 
bated with hcparin-Scpharosc. The bound material was 
then clutcd with NaCl as described in Materials and 
methods. The total extract, flow through or after clu- 
tion were then separated and analyzed by gel elec- 
trophoresis and tested by the viral rescue assay with 
HLM-1 cells. A single band at 14 kDa was detected 
from the fraction cluatcd at 2 M NaCl, indicating 
purification of Tat to homogeneity (Fig. 3c). In addi- 
tion, both cluatc 1 and 2 showed a very high biological 
activity (see legend to Fig. 3c) as compared to the best 




Fig. 3. (a) Tat binds heparin in a dose-dependent fashion. Biologically active Tat (0, 10, 100, or 1 000 ng) was mixed with [N- 
sulfonate- 35 S] heparin sodium in 10% fetal calf serum (FCSJ-RPMI and then treated with heparinase. (b) Basic fibroblast 
growth factor (bFGF) but not bovine serum albumin (BSA) compete with Tat binding to heparin. Tat (75 ng) was mixed with 
hot heparin (lane 1). Competition experiments with bFGF (100 ng) or BSA (1 ug, lane 2, or 10 ug, lane 4) were performed in 
the presence or absence of Tat. The mixture was then treated with heparinase. (<-), Free labeled heparin (H), complexes of 
Tat and heparin (Tat + H) and complexes of bFGF and heparin (bFGF + H). (+) or (-), Presence or absence, respectively, of 
each molecule, (c) Purification of recombinant Tat protein by heparin-affinity chromatography (representative gel from more 
than five independent experiments). Escherichia colt cell lysates were centrifuged and the supernatants incubated with 
heparin^Sepharose. The bound material was then eluted at 2 M NaCl (eluate 1 and 2). A fraction of total extract, flow 
through and eluate I and 2 was separated on a 10-20% polyacrylamide gel and the protein was visualized by Coomassie 
staining. Arrow indicates the Tat protein. Eluate 1 and 2 were tested for biological activity and compared with Tat purified 
by high-pressure liquid chromatography. The proteins (2 pg/ml) were tested with HLM-1 cells. Values of p24 were for eluate 
1 , 325 ± 2; for eluate 2, 264 ± 5; for HPLC-purified Tat, 294 ± 20. 
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Tat preparations obtained after expression of Tat from 
the same vector but purified by HPLC under reducing 
conditions as described previously [18,44]. This con- 
firmed the Tat binds heparin in a fashion similar to 
bFGF, that is also clutcd at 2 M NaCl, and indicated 
that heparin can protect Tat from oxidation and can 
allow the purification of a highly biological active pro- 
tein to homogeneity in the absence of reducing agents. 



Discussion 

The results presented in this study indicate that Tat 
protein is released from rdx-transfected cells in the 
absence of cell death or cell permeability changes. In 
contrast, Tat release requires a complete cell viability 
and function and a high tat gene expression. Release of 
Tat is not blocked by brcfcldin A or mcthylaminc but 
it is increased by a high temperature or scrum-free con- 
ditions. Conversely, low temperature (18°C) reduces 
release of Tat. Released Tat is found in a soluble form 
and in a form bound to HSPG. This extracellular 
bound Tat can be retrieved into a soluble form by 
trypsin, heparin or heparinasc. Tat binds heparin and 
this binding preserves the biological activity of Tat, At 
the same time, heparin blocks the biological effect of 
Tat, The heparin-binding property of Tat is due to its 
basic region that mediates the interaction with HSPG 
and the deposition of the protein into the ECM. 

Mcthylaminc, known to block the clustering and inter- 
nalization of proteins [46], has been shown to inhibit 
secretion of IL-ip, bFGF and thiorcdoxin [35,39,42], 
but not that of aFGF [38]. Similarly, the release of Tat 
is not inhibited by mcthylarninc or scrum-free condi- 
tions. This indicates that release of Tat docs not involve 
recycling endosomes as previously suggested for IL-lp 
[35]. However, low temperature (18°C), known to 
inhibit exo-endocytosis, reduces the release of Tat. In 
addition, stress conditions such as a high temperature 
and scrum-free medium increase Tat release in the 
absence of cell death or permeability changes. This sug- 
gests that Tat may act as a heat-shock protein which is 
increased in response to cell damage and can protect 
cells from death as suggested previously [29—31]. The 
increase of extracellular soluble Tat observed under 
scrum-free conditions may also be explained with the 
reduction of a scrum components) that normally binds 
and traps the protein, rendering it unavailable for 
detection. The reduction of this factor(s) would 
increase the soluble (detectable) fraction of Tat. 

The use of an alternative pathway of secretion has been 
suggested which would avoid the oxidizing milieu of 
the ER lumen [35]. Since cysteine residues present in 
Tat, IL-lp and bFGF arc essential for their bioactivity, 
the requirement of a reducing milieu for secretion is 
one of the reasons for alternative secretion pathways. 



Rcccndy, a synaptic vesicle protein, synaptotagmin, has 
been demonstrated to be associated with the release of 
aFGF in response to heat shock [56]. However, 
released aFGF is inactive, unable to bind heparin and 
requires activation by reducing agents. In contrast, 
native extracellular Tat is biologically active, as found 
for IL-1 p and bFGF, and can bind heparin. 

Extracellular Tat is found in a soluble fraction and in a 
HSPG-bound fraction that can be retrieved by trypsin, 
heparin or heparinasc, in a fashion similar to bFGF 
[40,41]. In particular, the presence of heparin increases 
the amount of soluble Tat, indicating that heparin 
retrieves HSPG-bound Tat and maintains it into a solu- 
ble form. It is possible that extracellular Tat and exoge- 
nous heparin form a large complex that cannot be 
taken up by the cells. In fact, the viral rescue effect of 
Tat is blocked by heparin (Table 1), whereas no inhibi- 
tion of Tat transactivation is seen when Tat is scrape- 
loaded into cells (that allows direct entry into the 
cytoplasm) in the presence of heparin [47]. Since wc 
have used the direct addition of Tat to the cells, this 
suggests that heparin traps the protein and interferes 
with its binding and uptake into cells. In addition, 
heparin can block 80% of the cell surface binding of 
Tat [47], can block cell adhesion [8] and the KS cell 
growth effect of Tat (G. Barillari, personal communica- 
tion, 1996) that require mtcgrin binding. 

The Tat basic peptide inhibits the effect of heparin on 
Tat activity (Table 2) suggesting that this region medi- 
ates binding of Tat to heparin as observed for heparin- 
binding growth factors or ECM molecules [52-54]. In 
fact, bFGF can compete with Tat for heparin-binding 
(Fig. 3). In contrast, Tat or its basic region can displace 
bFGF bound to HSPG associated with the cell surface 
and ECM and retrieve it into a soluble form (G. 
Barillari, personal communication, 1996). Thus, the 
heparin-binding property of Tat is mediated by the 
basic region. Mutations in this region also increase the 
cytoplasmic content of the protein and its release [18]. 
This may be due to both reduced nuclear retention of 
Tat and reduced binding of Tat to HSPG with conse- 
quent increase of the soluble portion of the protein. 

The binding of Tat to HSPG may have relevance in 
vivo. Endothelial and other cells do synthesize and 
release heparan sulfates, which have similar structure 
and function to heparin [57]. It has been demonstrated 
that complex formation between FGF and heparin pro- 
tects FGF from heat, acid inactivation and proteolytic 
degradation [48,50]. Similarly, heparin protects Tat 
biological activity and allows the purification of the 
protein to homogeneity in a fashion similar to bFGF. 
In particular, most procedures for the purification of 
recombinant Tat involved the use of chaotropic agents 
and other denaturants that lead to protein unfolding 
which would require that purified protein being 
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refolded properly for biological function 
[14,44,55,58,59]. Tat protein is extremely susceptible 
to loss of biological activity during these procedures 
because of its high cysteine content and case of oxida- 
tion and requires the presence of reducing agents 
[14,18,55]. However, the binding of Tat to heparin 
allows a highly-efficient one-step purification which 
generates a highly biologically active Tat (Fig. 3c). This 
indicates that in vivo HSPG may exert a similar protec- 
tive activity and be able to store biologically active Tat. 

Tat has several features in common not only with 
growth factors including FGF, but also with ECM 
molecules such as fibroncctin, vitronectin, collagcns 
and laminin [54,60-62]. Similar to these molecules, Tat 
has two different binding sites on the cell membrane. A 
low-afEnity binding site described previously [47], is 
shown here to be mediated by the Tat basic region 
binding to cell-associated heparan sulfates. The other is 
represented by the binding of the Tat-RGD region to 
the intcgrin receptors OCjjJj and 0$^ that mediate cell 
adhesion, survival, migration and invasion, and arc 
required for cell growth induced by Tat [9-11,18]. 
These phenomena arc further increased by or require 
also the binding of the Tat basic region to HSPG 
[8,9,11] (G. Barillari, personal communication, 1996) as 
found for both FGF and ECM molecules. 

Since substantial quantities of Tat have been detected 
in sera of HIV-1 -infected individuals and in KS lesions 
from AIDS patients, extracellular Tat may play a key 
role in the pathogenesis of AIDS and associated disor- 
ders [5]. Therefore, the understanding of the mecha- 
nisms of its release and extracellular fate may help in 
the investigation of new strategics to inhibit its activity 
including the use of Tat as a target for gene therapy 
[63] and an anti-HlV-1 vaccine [64]. 
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